In this paper we present the results of research into a relation(s) between the bias voltage of an oxide/a-Si:H/c-Si sample during formation of very-thin and thin oxides and the resulting distribution of oxide/semiconductor interface states in the a-Si:H band gap. Two oxygen plasma sources were used for the first time in our laboratories for formation of oxide layers on a-Si:H: i) inductively coupled plasma in connection with its application at plasma anodic oxidation; ii) rf plasma as the source of positive oxygen ions for the plasma immersion ion implantation process. The oxide growth on a-Si:H during plasma anodization is also simply described theoretically. Properties of plasmatic structures are compared to ones treated by chemical oxidation that uses 68 wt% nitric acid aqueous solutions. We have confirmed that three parameters of the oxide growth process -kinetic energy of interacting particles, UV-VIS-NIR light emitted by plasma sources, and bias of the samples -determine the distribution of defect states at both the oxide/a-Si:H interface and the volume of the a-Si:H layer, respectively. Additionally, a bias of the sample applied during the oxide growth process has a similar impact on the distribution of defect states as it can be observed during the bias-annealing of similar MOS structure outside of the plasma reactor.
Introduction and state of the art
Particle (ion, neutral atom, cluster of atoms, etc.) -surface collisions belong to a research area that has been rapidly growing during the last few years, with the aim to explore and develop new methods for characterizing the properties of impacting particles, elucidating the nature of the treated surface, and investigate the basics of the particle-surface interaction. Besides physical and chemical sputtering, interest has been focused in particular on low-energy (approx. tens of eV) collisions involving reflection, surface-induced dissociation, charge-exchange reactions, and surface-induced reactions. More results in the field of plasma-surface interactions have been obtained during the determination of ion energy distributions in radio-frequency plasma. The energy and angular distribution of incident ions on a grounded electrode were observed at pressures of 10 mTorr to 500 mTorr in Ar at 13.56 MHz [1] . Mass-identified ion distribution in rf capacitively coupled plasma was investigated experimentally (for example, in [2] ). The energy distribution of ions at the powered rf electrode was measured at low pressure in Ar [3] . In inductively coupled plasma, the energy distribution monitored on a reactor sidewall was investigated in [4] as a function of the external bias frequency between 270 kHz and 27.12 MHz. The ion energy distribution in O 2 /Ar on the biased electrode in an inductively coupled plasma and the energy and angular distributions were compared with a phenomenological expression [5] . The energy distribution of ions arriving at the wafer in rf sheath was reviewed in [6] . The energy distribution at grounded, biased electrodes or at a powered wall depends strongly on the relative area and the geometry of the monitored surface. The ion energy distribution at a substrate was investigated experimentally in [7] and theoretically in [8] , both in relation to manufacturing device processes.
Negative-ion injection into a Si wafer was theoretically determined for a pulsed twofrequency, capacitively coupled plasma operated by VHF (100MHz) and LHF (1MHz) systems in [9] to investigate charge-free plasma etching of SiO 2 . Additional interesting results in the research of production and properties of negative ions in Ar/CF 4 can be found (for example, in [10] [11] [12] ).
Oxygen plasmas are still frequently used for oxidation of semiconductor surfaces and formation of thin oxide layers. Kinetics of thin film oxide growth is strongly influenced by the oxidized substrate itself and by oxidizing conditions. Silicon dioxide is still frequently used in MOS FET technology and its thin-film growth technology. Thin SiO 2 and its interface properties with substrates (usually crystalline Si) have prevailed over many other types of thin-film dielectric/substrate structures for a long time.
There exist different ways to create very thin SiO 2 layers. These include, for example, heating the sample in an oxygen atmosphere [13, 14] , implantation of oxygen atoms by Plasma Immersion Ion Implantation (PIII) [15, 16] , or etching the surface of the sample by Ar + ions, thus exposing the activated surface to the oxygen atmosphere [16] . All of these techniques belong to gas-phase, high-or low-pressure techniques. Some of them can be used in the formation of thin oxide layers on amorphous, hydrogenated silicon (a-Si:H).
An additional important way to create a suitable oxide layer on both crystalline and amorphous substrates is using chemical solutions for sample surface oxidation. A 68% aqueous solution of HNO 3 at 121
• C for 30 min was used to create a silicon-dioxide layer in [17] . H 2 O 2 [18] or H 2 SO 4 /H 2 O 2 solutions [19] can be also applied for oxidation purposes.
In this paper we present research into relations between the bias voltage of an aSi:H/c-Si sample during the formation of ultra-thin or very-thin oxide and the resultant distribution of interface states in the a-Si:H band gap.
Plasmatic, low-energy treatment also modifies the composition of the "native" defect structure of materials forming inside them during their growth or creation. Understanding the consequences of low-energy particle bombardment of semiconductor surfaces is of interest in many device-production technologies, as well as for surface-analysis techniques. The inbuilding of the projectiles, damage induced in the target, and the relocation of target atoms or clusters (ion-induced mixing) are of particular importance.
The semiconductor a-Si:H contains predominantly metastable defects, and the mechanism of metastable, light-induced degradation of hydrogenated amorphous silicon (a-Si:H) remains a key scientific and technological problem over 25 years after the discovery of degradation by Staebler and Wronski in 1977. Numerous metastability models were proposed to explain this effect within the first decade. The most widely accepted of these was the 1985 Stutzmann, Jackson and Tsai model of weak Si-Si bond breaking by a single photocarrier recombination event. Bond breaking is accompanied by an H hop, which stabilizes two light-induced dangling bonds.
In recent years, we have presented more experimental results showing that in the band gap of a-Si:H, three groups of gap states can be observed (for example, in Nadazdy [20] ). This situation partly corresponds to the theoretically predicted existence of D h , D z , and D e defect states by the improved defect-pool model of Winer [21] and Powell and Dean [22, 23] . In accordance with this model, the distribution of gap states was found to be dependent on the pre-equilibrium preparation of the sample by bias annealing.
According to the defect-pool model, the energy distribution of gap states (EDOS) is determined by the width of the valence band tail and by the energy of the equilibrium Fermi level in the band gap of the a-Si:H semiconductor. Depending on the energy of the quasi-Fermi level and dangling bond density, and their spatial distribution, these states act as deep traps or recombination levels. The position of the Fermi level in the band gap is responsible for the shape of EDOS in the gap. The position of the Fermi level can be shifted by a bias-annealing procedure above the equilibration temperature. In the case of ideal intrinsic a-Si:H, the EDOS can be predefined by bias annealing at a temperature of about 500 K. Our measurements on "PECVD prepared, real a-Si:H thin films" confirmed that the resulting a-Si:H thin films are slightly of n-type (not intrinsic), and temperatures exceeding 450 K can only be used successfully for redistribution of any pre-defined EDOS, for "definition" of another EDOS type, or for both. The following three distinct distributions can usually be prepared:
• intrinsic EDOS distribution with all three parts -D h , D z and D e ;
• n-type distribution by annealing at positive bias, leading to the formation of domi-nantly D e groups of states in the EDOS; • p-type distribution by annealing at negative bias, leading to the formation of dominantly D h groups of states. We have shown in our previous papers, based on the charge version of DLTS measurements (Q-DLTS) on undoped a-Si:H, that gap states with energies of 0.63, 0.82, and 1.25 eV (as D h , D z , and D e respectively) can be observed in a volume of the a-Si:H layer deposited on c-Si. Usually, we have used large voltage steps of 6 V. The shape of the Q-DLTS spectra must be confirmed to correspond approximately to the EDOS in the gap of the investigated semiconductor, and quantitatively that the EDOS can be determined. More detailed information can be found, for example, in [20] and [24] .
The Q-DLTS peak positions and their relation to the a-Si:H defect groups for rate windows of 50 s −1 in this paper are as follows: Of course, if we are working with impacting particles of higher energy, then deep traps related to radiation damage can also be observed. The corresponding Q-DLTS signal is superimposed on the "standard" EDOS. Usually it is recorded in the form of the high-temperature tail of the Q-DLTS spectra.
The non-ideality of the PECVD a-Si:H thin films does not consist only of slight ndoping of the deposited layers (caused by, for example, including built-in contamination atoms in the plasma reactor). The second important disadvantage is a general inhomogeneity of deposited layers. The top of PECVD a-Si:H layers are usually better passivated by hydrogen, because of the standard diffusion of hydrogen atoms, molecules, or radicals of discharge space into the a-Si:H surface after the deposition process is finished. Therefore, an ultrathin SiO 2 native is also created, only after removing the sample from the reactor. By our observation, this extra-passivated region does not manifest any relation with the Powel and Dean defect-pool model, and it can be considered as a hydrogenpassivated a-Si:H very thin (or thin) top layer covered by native, ultrathin SiO 2 .
Such structure is then treated -including our experiments with the formation of new, thicker SiO 2 oxides by different plasma sources, which usually proceed at different biases. We would like to show that the resulting EDOS measured on the plasma-treated samples can be pre-defined by plasma oxide formation conditions. Some parts of the expected EDOS distribution of defect groups can also be missing due to unsuitable technological conditions.
In this review, all original experimental results will be discussed and evaluated following several views: kinetic energy of interacting particles with surfaces of exposed a-Si:H samples during formation of the layers, durability of the process, and polarity of a bias of the oxidized samples during the plasma oxide growth. The non-homogeneous structural properties of prepared a-Si:H layers are considered during the experiments.
We suppose that according to the defect-pool model, the shift of the Fermi level The sensitivity of a-Si:H semiconductor thin films to plasma particle or to ion-beam interactions (impacts) is pre-determined by its porous character, large set of structural defects, existence of many types of clusters, existence of almost free and moving hydrogen atoms, ions and molecules inside of the formed semiconducting layers, etc.
We take into consideration that PECVD a-Si:H layers have different properties when the deposition starts and when the deposition ends. The upper region of the layer is, to our knowledge, better passivated by hydrogen in its dependence on the sample temperature. Higher sample temperature increases diffusion of the rest of the hydrogen in the PECVD chamber into the surface region after switching off the plasma generator. This higher temperature can contribute also to the formation of a native oxide of better quality if pure oxygen is used for its formation in the same chamber, after the PECVD.
Aluminum electrodes of hexagonal shape were evaporated on top of oxide layers of tungsten boat. The area of the formed electrodes was usually 0.34 mm 2 , except for one case indicated in the corresponding figure. The back metal contact of the MOS structures was also made of aluminum. The reverse side of the sample was etched before the Al deposition.
2.1 Plasma anodic oxidation (sketch of the equipment is illustrated in reverse side of the sample was applied a positive bias, increasing during the oxidation procedure from approx. 20 V to 80 V. Simple theoretical treatment of the oxide growth process and its evaluation are presented in the next paragraph. Fig. 2) During the implantation process, the target is immersed into the plasma which surrounds it. A negative voltage pulse is then applied to the sample. In the time scale of t ∼ ω −1 pe (inverse electron plasma frequency), the electrons are repelled from the sample (they have a higher mobility because of lower mass) and an ion matrix sheath is created.
Plasma immersion ion implantation (see
In a time scale of t ∼ ω −1 pi (inverse ion plasma frequency) the positive ions are accelerated towards the sample. For the maximum energy received from the electric field, a collisionless sheath is inevitable. During the implantation, the sheath is extended according to the Child-Langmuir law until a steady-state is achieved. The number of implanted ions (implantation dose) is given by N = n 0 s T , where n 0 is the concentration of positively charged ions and s T is the steady-state thickness of the sheath.
To provide the required implantation dose, new, positively-charged ions have to be created at the target. After switching off the applied negative pulse, plasma extends back to the target. New ions can be implanted by applying the negative pulse again. The whole process is repeated until a required implantation dose is achieved.
Samples with an area of 1 cm 2 were O 
Chemical oxidation
An oxide was prepared by sample oxidation in a 68% aqueous solution of HNO 3 . Conditions of the experiment, as well as more details about this technique, can be found in [25] . The homogeneity of the oxide layer is one of advantages of the chemical oxidation process. The process behaves without applying an external voltage source, that is, without external bias.
Diagnostic methods
Two diagnostic methods were used in the investigation of the properties of prepared structures: i) a charge version of deep-level transient spectroscopy (Q-DLTS); and ii) feedback-charge, capacitance-voltage (C Q -V) measurements. The first one is the dominant method of this paper.
i) The modified, charge-based correlation DLTS method was used to study the metaloxide-semiconductor (MOS) structures. This method is based on the correlation approach, that is, the transient response of the MOS structure under periodically applied voltage steps to the gate electrode is measured, and subsequently a weighted combination of the charge signals obtained at various sampling events is achieved. The sampling events, as well as the weighting coefficients used in our work, are chosen to improve the selectivity in the measured spectrum. The resulting correlated-charge DLTS signal is described by a weighted summation of the contributions from three channels. The parasitic output charge due to the presence of a leakage current is eliminated by a filtering scheme.
The following formula is valid for the measured Q-DLTS signal coming from a deep trap:
where w stands for the excited part of the depletion region, N T for the trap density, and C ox and C s for both the capacitance of the oxide and the capacitance of the space charge layer, respectively. The emission rate from the trap at the energy above the conductance band is
where ν is the mean thermal velocity of electrons, σ n is the capture cross section, and N c is the effective density of states in the conduction band. The DLTS response of the above-mentioned structure was measured at sampling events chosen to fit the following scheme: t 1 , 2t 1 , and 4t 1 . The resulting correlated-charge DLTS signal S c can be described as
We are using both large voltage steps (several volts) and small voltage steps. We suppose that emission of a thin film volume (whole bulk of the film) at large voltages can be detected with a suitably chosen bias voltage. The smaller voltage steps are better for investigating an emission from the interface region. Of course, the situation is not so simple, because the distribution of the biases and voltages applied as steps is determined by the spatial homogeneity of the samples from the electrical point of view. Spatial homogeneity can be, in most cases, very poor for a-Si:H layers, and it can create a crucial problem explaining the results. Unfortunately, we do not have, at this time, a tool for precisely determining the distribution of the voltage throughout the oxide/semiconductor structure. Therefore, we will indicate the values of the voltage steps in each Q-DLTS record used in the figures.
ii) Capacitance of the MOS diodes as a function of the gate bias was measured by the improved feedback charge measurements in the time-domain. The feedback-charge C-V measurement was described by Mego [26] .
The time-domain capacitance is defined as a ratio of the charge q(t), integrated by the charge-sensitive amplifier at time t after the end of the probing pulse δU, to the amplitude of this pulse C x (t) = Δq(t)/δU = C F (Δu(t)/δU), where Δu(t) and C F are the output voltage and the feedback capacitance of the charge amplifier, respectively.
Thurzo [27] generalized Mego´s approach and derived a relation between C x (t) and the capacitance C(ω), usually measured by sinusoidal voltage. Longer sampling times correspond to measurements at lower frequencies. For the definition of low and high frequency capacitances, the ratio t/τ is crucial, where τ represents the time constant of a particular relaxation process in the sample.
This type of measurements has a direct connection to Q-DLTS, and it creates a useful tool that helps us to propose a suitable Q-DLTS regime for selected samples, and for a rough estimation of the thickness of the oxide layer of the MOS structure.
Q-DLTS and C Q -V measurements were carried out using a spectrometer developed at the Institute of Physics of SAS [28] . DLTS spectra here were obtained at a rate window of 50 s −1 . Biases and voltage steps used during the measurements are indicated in paragraph No. 5.
In some cases the samples were bias annealed, mostly at equilibration temperatures exceeding 450
• C at different biases. The data are written in corresponding figures. The temperature of the sample during the annealing was increased by ohmic heating directly on the sample holder.
Kinetics of the SiO 2 oxide growth
Dewald [29] developed a discrete hopping model for ionic transport in high electric fields acting during oxide growth. The essence was to consider the lowering of the discrete potential barrier for forward hopping of the ionic defects (usually interstitial vacancies). In this approach, which was adopted by Cabrerra and Mott, entry of metal ions into the oxide layer is considered as a limiting factor of growth rate. Dewald extended the model of Verwey to include the space charge of diffusing ionic species. The model was improved by Friedel [30] and Taylor [31] . In the hopping model, an electric field E(x) lowers the potential energy barrier by an amount ZqEa, where Zq is the charge of the particle and 2a is the distance between adjacent energy minima. Thus, the field-modified activation energy for forward hopping will be W − ZqEa. Supposing that the oxide/semiconductor interface reactions are very fast compared to bulk migration, we can express the relation for the current density of single, negatively charged oxygen ions. One of the assumptions is that O − is the only mobile ion! If the electric field E in the oxide is sufficiently high ( 10 6 V cm −1 ), then number J of the charged particles passing through the potential energy barrier (within unit of time and per unit of area) can be given by
where
in which g(L) represents the reduction of the ionic current due to space charge, L is the width of the space-charge layer, and
where Zq is the charge of the mobile particle, 2a is the distance between adjacent energy minima (typically the distance between two oxygen atoms in the oxide), ν is the single attempt-to-escape frequency, D O − is the diffusion (migration) coefficient, C O − is the surface concentration of the negative oxygen ions, r is the dielectric constant of the oxide, U ox is the voltage drop through the oxide, and L is the oxide thickness.
The flow J of migrating O − ions through an oxide can be directly related to dL/dt by assuming that each ion reaching the oxide/semiconductor interface corresponds to an increase ν in the oxide volume by this relation:
Results of the fitting procedure are in Table 1 . They indicate that most negative O − ions taking part in the oxidation process are created with the assistance of a surface from a layer containing adsorbed O. We suppose that negative oxygen ions are created at the oxidized surface by attachment of electrons from the oxygen plasma. Table 1 Average values of growth kinetics parameters for a-Si:H semiconductor (formation of 8 nm thick oxide layer)
a-Si:H 10 18 10 13 0.65 
Experimental results obtained by the Q-DLTS and their discussion
The results of electrical methods will be presented to explain the spectra of recorded Q-DLTS behaviours and point out the relation of plasma processes and technological conditions with the shape of the DLTS spectra, and so with behaviour of the EDOS at different oxide/a-Si:H interfaces. We have to mention that the dominant parameters influencing the quality of the interface and the recorded spectra are given by both the kinetic energy of impinging particles, their charge and durability (fluencies) of the interaction of plasma(s) or beam(s) with the a-Si:H surface, and by the polarity of the bias of the a-Si:H sample used during the oxide film formation (or during an interaction).
We suppose that, according to the defect-pool model, the shift of the Fermi level during the oxide growth changes the defect potential and creates a condition for a new equilibrium distribution of density of states.
5.1
Interface anodic oxide/a-Si:H (voltage step 3 V, U b = −3 V); oxide thickness: ∼ 8 nm
The following Q-DLTS record (see Fig. 3 ) illustrates the "standard" EDOS in which all three components of the defect states can be observed. The sample was prepared at a low positive bias of the oxidized sample, and therefore group D e and the high-temperature tail are well developed. The positive bias of the sample applied during the oxide growth at the 200 • C bias self-annealing of the samples has led to the formation of the similar shape of the DLTS spectra, i.e. to formation of D e group of defect states, too. The largely hydrogen-passivated outermost a-Si:H layer was consumed or transformed into another one during the oxide growth. Bias annealing of the sample at negative voltages inside of the measurement cryostat has led to the redistribution of the defect states to the square from and a missing high temperature tail. The creation of two dominant groups of defect states (D h and D z ) was clearly observed. Only the rest of the D e states (if any) were also observed, at least in the interface region, because a large voltage step was used.
The distribution of defect states is, in this case, given by the positive bias of the sample applied from the reverse side of the sample. Electrons of negative oxygen ions can be used in the formation of negatively charged atomic defects or groups of defect states. Of course, the situation is more complicated, because of the migration of different charged particles in the strong electric field. The result is similar to the one obtained on the corresponding MOS structure by bias annealing, applying positive voltage from the top side of the sample, during which negatively charged particles (probably hydrogen) are migrating to the oxide/semiconductor interface of the a-Si:H volume. The situation is illustrated in Fig. 4 . This oxide was prepared at a higher negative bias of 1 keV, and the result is illustrated in Fig. 5 . The DLTS spectrum of samples does not contain a high-temperature tail, and the shape corresponds to a bias-annealed sample at negative biases. The duration of the plasmatic implantation procedure really enabled the process to take place at higher temperatures -we estimate that the temperature of the surface region could increase to 200
• C during oxide formation. Unfortunately, the temperature of the surface was not measured directly.
In the prepared samples, D z groups of defect states (electrically neutral) prevail (curve 1). After annealing of the sample without external bias, the spectrum was evidently en-riched by the D e component, and a remarkable shift of all spectra to higher temperatures has been observed (curve 2). The bias annealing at a negative voltage of 4.5 V has led to the creation of two dominant groups of defect states -D z again, and also D h ones (partially) (triangle curve). Bias annealing at positive voltages leads to the spectrum of states corresponding to emission of electrons of only two dominant defect groups, D z (neutral) and D e (negative) (circle curve). The DLTS spectrum does not contain a high temperature tail, in general.
The character of the spectrum after annealing without bias (curve 2) is very similar to the one obtained on the prepared MOS structures with plasma anodic oxide after bias annealing at negative voltages.
In this case the distribution of defect states is given by the negative bias of the sample. The necessary positively charged particles (O + , or O + 2 ) are shallowly implanted on the surface region of the plasma source, and holes are additionally used in the formation of positively charged defect states. The result from this process is similar to the one obtained on the corresponding MOS structure during its bias annealing at negative voltage. During bias annealing there is a supposed migration of positively charged particles, or holes, of the a-Si:H bulk to the interface with the oxide layer and the formation of corresponding D h group of states. The situation is illustrated in Fig. 6 . Photons of higher energy can lead to formation of photo-electrons that can be trapped by positively charged defect states. Elsewhere, we presented the transformation of D h defect states to D z ones due to illumination [32] . Therefore we suppose that any of the prepared structures of plasma oxide/a-Si:H will have a reduced density of D h states and increased D z and/or D e ones. Both cases were partly confirmed at both experiments -with anodic oxides and PIII oxides, respectively. Chemical oxidation as a process without the emission of light also has an advantage in this case. Recorded spectra usually contain an intensive signal corresponding to the D h group of states. This situation probably reflects more the deposition process in a PECVD reactor during growth of an a-Si:H layer, or any another method of a-Si:H formation (a source not using a plasma).
The influence of light on the development of the distribution of defect states is well known through light-soaking experiments, with the aim of simulating the illumination of the sun and investigating its impact on properties of structures or devices. Due to the 50% thinner oxide layer (and higher probability of breakdown of the layer), we had to use both a lower voltage step and a lower bias. Therefore, DLTS results will also concern mainly interface states. "Standard" distributions of deep defect states are presented in Fig. 7 , as measured by Q-DLTS on a MOS structure with an oxide layer prepared in HNO 3 aqueous solutions. In this case, groups of defect states can be easily re-distributed from one type to another by applying the annealing under the bias voltage. A high-temperature tail is missing in all cases of the DLTS spectra. Usually all three components of defect states (D h , D z and D e ) participate in the spectra with similar densities, which approximately correspond to intensities of DLTS maxima. In this case, interface state density, only low voltage steps and shallow depletion have been used.
During the chemical oxidation process, the strongly H-passivated outermost region of the a-Si:H layer is partly etched and simultaneously transformed to oxide film. Consequently, the oxide with an oxide/stoichiometric a-Si:H interface is formed. We detect "three expected" groups of defect states in the band-gap of a-Si:H. This chemical method of preparation of very thin oxide layers seems to be a very promising technique, because it does not induce migration of charged particles or atomic complexes under the influence of the electric field in the a-Si:H semiconductor.
Conclusions
This paper presents two original plasmatic techniques for the preparation of high-quality, very thin and thin SiO 2 layers in a surface region of a-Si:H. The a-Si:H semiconductor has been selected for a large set of testing measurements of SiO 2 /a-Si:H interface properties, due to its sensitivity to plasma conditions during the formation of thin dielectric layers. We have shown that the kinetic energy of impacting particles (of plasmas or of ion beams), plasma light emission, the charge of impacting particles, and the bias of the treated samples predominantly determine the distribution of deep defect states in the a-Si:H band gap (mainly at oxide/a-Si:H interface). During growth of the oxide, bias annealing and light soaking of the a-Si:H proceeds themselves when the sample is biased (positively or negatively) during the interaction with plasmas.
According to the defect-pool model, the shift of the Fermi level during the oxide growth changes the defect potential and creates a condition for a new equilibrium distribution of the density of states.
For the first time we present also the process of thin oxide growth on a-Si:H by anodic oxidation supported, by a simple, thin-film growth description.
